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T Co SUNMARY

An investigation was made to determine whether the apparent

- varietion of adlabablc efficiency with inlet temperature for cen-
trifugal compressors could be reéduced or eliminated. The effects
..of ‘heat. transfer and Reynolds number on adisbatic efficiency were
considered. Three centrifugal compressors were btested in an
insulated variable-component compressor at several 'inlet tempera-
tures with constant discharge pressure and at two discharge pres-
sures-with constant inlet temperasture. Discharge-temperature
measurements were made at the diffuser discharge and at the entrance
to the discharge pipe, in additlon to the messurement: at tle stan-

dard station in the dlscharge pipe, to determine whetlier a tempe¥ature-

measuring stetion gould be found where the: effects.:of heat transfer
.would be less than those at the standard station.

. The -standard methods of determining centrifugal- compressor
efficiency by temperature-rise measuremerit tend to glve erron-
eously high values when ambient room-air inlset tempergbures are
used, and the apparent variation of adlabatic gfficlency can be
eliminated: by baseing efficiency on temperature measured at the dif-
fusey dischargs,

I
S .

INTRODUCTION

Investigations of the performance of centrifugal compressors
at the NACA and other laboratories have shown that the adlabatic
efficlency apparently increased with inlet tempersture at’constant
equivalent t1p speeds and equivalent volume flows, but that the
pressure ratio is unaffected. This apparent change in efficlency
has been shown to be related to heat transfer (reference 1) but no
adequate nor complete explanation has been available to account for
the varlation of efficiency with 1nlet tem@erature
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The lack of agroement of efficiencies determined for the same
comprosacr at the same equivalent tip speeds but at different inlet
temperatures renders the interpretatlon of compressor performance
incomplete. The uncertainties that arise from the variation in
temperature~rise-ratio efficlency are:

[

(a) Inconsistencies in efficiency in compressor investigations
conducted with different :inlet-air ‘temperatures but at corresponding
equivalent tip speeds and with .the same' prodedures.

(b) Inability to determine precisely the performance of &
compresasor Irom performence dasbta.of the same compressor obtained at
a dlfferent inlet-air temperature

(c) Inability to determine the: true efficiency of & compresspr
from ‘temperature~rise measurements without a ‘determination of the
effect of inlet-air temperature and the probability that: efficiencies
obtained by stahdard methods et &éa-level atmospheric temperature .
have beon higher than the true Value

N .',-z.‘-.,--xl_
et

In an investigation of the effect of blade survatuve on cenbrifugal-
impeller performance (refererce 2),- efficiencies bas¢d on measurcments
mads mccording to standard procedures were fourd to be inconaistent
when different inlet températures were used. Tho:pressire ratio was
practlically unaffected by variations in inlet temperature,_whereas

the temperature-rise ratildé was affecteéd. The basic paremeters of "
equivalent tip speed and equivalent volume flow were the same at all
points of comparison, but the Reynoldm number varied bedauss the
compressor-dlacharge pressire was maintained donstant regerdless of
inlet temperdture. ‘Heat~transgfer effects might have been responsible
for the’ lack of ‘agreemént in temperature-~rise ratios at various:
inlet temperatures, and the variation of Reynolds number wihh inlet
temperature might account for a disagreement of preassure ratio,
temperature~rise ratio, or both,

An investigation was made -at the NACA Cleveland laboratory to
determine whether the apparent variation of adiabatic officiency with
inlet temperature could be reduced or eliminated, ' In order ‘to reduce
the effect of heat transfer on the discharge-alr temperature’, temper-~
ature measurements were made at the diffussr discharge and at the
entrance to the discharge pipe in addition to the standard measurement
in the discharge pipe., Adiabatic efficiencies based on ‘discharge
temperatures taken at the diffuser discharge and at the standard
gtation in the dlscharge pipe 12 dlameters downstream of the collector
are presented for three impellers at seveoral equivalent tip speeds
and inlet temperatures. The results of varying only Reynolds number
for seversl equivalent tip spesds are presented.and probable reasons
for the apparent variation of adiabatic efficlency with inlet temper-
ature are dlscussed.
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APPARATUS 'AND PROCEDURE
L. Setup

Three centrifugal impellers, designated A, B, and C, 'and a
variable-component compresser sget-up in acceordance with- the rec-
ommendation of reference 3 were used for this invesbtigation. A
schematic cross section of the variable-component compressor is'
shown in figure 1. A itypicel installation of one of the impellers,
the rear half of the vaneless diffuser|, the collector, and other
component parts 1s schown in figure 2. The air discharged from
the vaneless diffuser -flows into the collechor chamber before
entering two tangentisl discharge - pipes located 180° apart., The
veriable-component comprebscr was mounted’ Beparate ‘from the
driving gearbox to sliminate dirsct heat conduction between the
compressor and the gearbox. The compressor was complétely enclosed
in an -insulation box. "The walls of the Insulation box were com-
posged of 1/4 inch of hard asbestos, 1 inch of insulating board,
and 1/2 inch of plywood. The inlet and discharge pipes were
insulated with 3 inches of mineral wool.

. 'Instruﬁentation

The compressor was instrumented in accordance with the recom-
mendations of reference 3- with static-pressure taps,. total-pressure
tubes, and exposed~-bulb thermocouples. This instrumentation pro-
vides an inlet .medsuring station 2.pipe diameters upstream of the
impeller and & discharge measuring station in each discharge plpe
12 pipe dlameters downstream of the collector. Pressure measure-
ments were also made at the diffuser discﬁarge to determine the
pressure ratio _across the compressér up to this point

In addition to the standard thermocotiples, - -the folldwiﬁg _
thermocouples’ were 1nstalled on the compressor' - L j* -

(1) Two high-recovery-factor thermooouples were placed ‘diemet -
rically opposite each other and midway between the front and rear
diffuser walls at the diffuser discharge Tor air-tempsrature meaes-
urements, These thermocouples were shielded and were similar to
the Pratt & Whitney probe described in: .rePerence 4. Ths dlffuser
thermocouple locatione are shown in figure 2.

(2) Ome exposed-bulb thermocouple, the same ase those used
at the standard measuring station, was placed 1n the entrance to
one of the discharge pipes.,, o

B . i " e T T P T
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The impeller speed was measured with an eutomatically timed
electric revolution counter. The precision of measurements is
esbimated to be within the following limits:

. iO-s

Tempe!‘a'bum, O‘R 4 »_ ¢ ¢ 4 o & P9 8 ‘e e ¢ & o s e s & e o 8
Pressure, in. Hg ® & o ¢ 0 9 ¢ A8 ¢ ¢ P & w e o .8 o' o o = 0.02”
Impeller tiP Bpeed, Peroent o e ®» o 9cre .0 e« g @ e e o s w é o 5!‘-'0-5
volume flO‘W, Percent ¢« o o 4 = l. a & ¢ & 8 o & o a'@a o'e o

. :bzn 0
- - Procedure |

Impellers A, B, and C were run at a number of inlet tempera-
tures and equivalent. (corrected) %tip. speeds (reference 5) with the
digcharge temperature mesaupred et the standard discharge station and
at the diffuser dlscharge for:all three impellers. Alr temperatue
.wag also measured at the entrance to the diacharge pipe for impellers
B and . C. - The following range of equivalent tip speeds and inlet
temperatures was 1nvestigated' o _ )

-? L. e "

“Equivalent ' o

tip speed Inlet temperature, "R

(£t/sec) Igpeller A] Twpeller B [Impeller C
900 ' | 400, 535 {463, 530 452, 534
1100 . | 403, 545 |399, 452, 526| 431, 531
1300° {400, 548 [402, 529 | 457, 531

Impeller A was also run:at equivalent tip speeds of 879, 1178,
and 1350 feet per second at discharge pressures of 40 and 20 inches
of mercury absolute to obtain an estimate of the possible effect of
Reynolds~number variation on adiabatic efficiency. The inlet tem-
perature was nearly the same for both discharge pressures, and the
discharge temperatures wers taken at only the standard station in
the discharge pips. .

Calculations

. . The adiabatlic efflclency, baged on the preasure ratio across
the compressor up to the diffuser discharge and the temperatures
at the. standard discharge-plpe measuring station, was calculated
for all runs. Adiabatic efficiency was also .calculated from the
geme pressure ratio, but for the temperatures at the diffuser dis-
charge and at the discherge-pipe entrance. The difference between
the adiabatic efficlencies for any run i therefore due to the
difference in temperature-rise ratios.
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The Reynolds number R ieﬂ@efined ee
e DpiU 5
R S e
BRI th

where

D - ¥ipelier diameter, foet
Py inlet stagnation deneity, slugs por: cubic. foot _ T
U “"impeller tip speeﬂ, feet per second fﬁ'? ' ,-'- SR

uy absolute viscesity at inlet etegnation oonditions, eiugs per
fOOt second . ) T SR N

s

- Thig Reynblds-number determination has value only 1£-ecmparing
points at the same equivalent volumo flotr-and equivalent' tip speed
for different inlet er diecharge condit;ons cf temperature or';

prossure. .o S e

RESULTS ‘AND DISCUSSION -
. Apparent Effect of Inlst Temperature on Adiabatio Efficiencx

The apparent variation of adiabatic¢ eff&ciency with inlet tem-
perature was examined by comparing efficiencles baeed on temperature
measurements at the standard discharge-pipe station, at the entranqe
to the discharge plpe, and at the diffuser discharge, DU ”

Adisbatic efficiency based ‘on dischargéd-pipe temperatures, - .
The adlsbatic efficiency ngg -is presented for three equivalent tip
speeds U//@ (0, ratio of inlet temperature to NACA staridard sea-
level temperature, 518.4° R) of impellers A, B, and C in figures 3,
4, and 5, respectively. The efficienciés based on the temperatures'

.. measured at.the standard- measuring stations in the discharge pipes

are shown for impellers A, B, ahd C in figures 3(a), 4(a), and 5(a),
. respectlvely. These figures shéw 'that at a given equiv&lent ti
speed and equivalent volums'flow: Qg /6 (where Qf 7 'is inlet—volume
flow at stagnation pressure), the aéiabatic efficiency &pparently’

- Inoreasged with inlet tempsrature.’ The efficiency of 1mpe11er B

(fig. 4(a)) at an equivalent tip-speed of 1100 féet pér second was
reduced about 0.02 when the inlet temperature was reduced from 526°
to 452° R, and about®.04 £0r en- inlet-temperature reduction from 526°
to 399° R. The same order of magnitude of efficiency varlation for
similar changes in inlet temperature are’ shown for impeller A (fig.

3(a)) agnd impeller c (fig S(a)) The temperatures measured at the

R
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entrance of the discharge pipe were the same as those at the “standard
station; any heat loss from the dlscharge pipeas was therefore too
small to make a measurable temperature drop between these thermocouple
locations, and the sdiabatic efficiency was the same as at the stan-
dard station in the dlscharge pilpes.

Adisbatic efficliency based on diffuser-discharge temperature. -~
The sdlabatlic efficiency based on the temperature measured at the
diffuser discharge is presented for impeller A, B, and. C in figures 3(b),
4(b), and 5(b), respectively, For each of the three impellers, the
efficlency, based on diffuser-discharge tempsrature, was practically
unaffected by variation of the inlet-air temperature, Impeller B
(fig. 4(b)) showe complete agreement of efficiency and little variation
in volume flow. For impellers A and C, there are differsences in
efficiency and volume flow that are within the range of precision
of the measurements; therefore, it is indefinite whether or not small
actual differences do exist. .The adiabatic efficiency based on
diffuger-discharge température remaine substantially constant with
change in inlet-sir temperature for the three impellers used in the
-variable-component compressor,

Effect of Reynolds Number on Adiabatic Efficiency

The adiasbatic efficiency of impeller A is shown 'In figure 6 for
discharge pressures of 20 and 40 inches of mercury absolute at three
equivalent tip speeds end nearly constant inlet- temperature. At a
given equivalent volume flow, the Reynolds number for the 20-inch
disocharge . pressure is approximately one-half the wvalue for the 40 inch
dlischarge pressure.

At equivalent tip speeds of 879 and 1178 feet per second,’ some
‘emall disagreements existed between the ediabatic-efficlency curves at
the two discharge pressures (figs. 6(a) and 6(b), respectively) but’
almost perfect ‘agreement. was obtained at 1350 feet per second (fig. 6(c)).
The wariation of the discharge prewssube from 20 to 40 inches of mercury
absolute at constant inlet temperature ceused a change in Reynolde mum-
ber one and one-half times that obtained by the greatest variation of
inlet. temperature at constaht discharge presgure. Although changes in
the shape of the &diabatic-efficieﬂcy curvee and in maximum equivalent
volume flow resulted from & change in’'Reynolds mumber, these changes were
too amall anrd too inconsistent to account for the variation of adlabatic
efficiency with inlet temperature at constant discharge pressure.

Discussion of Inlet-Temperature Effect
The elimination of. the apparent éffect of inlet-air température on

adiabatic efficiency when discharge temperature 1s measured at the diffuser
discherge and the lack of effect of inlet-temperature variation on the
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pressure relation suggest that the effect is due to heat transfer
from the compressor to the atmosphere between the diffuser dis- .

charge and the diaschavge pipes.

The difference between the

diffuser-discharge temperature- and the temperature in the discharge
pipe bore a subgtantislly linear vrelation to: the temperature air-

ference between the diffuser discharge and amblent rocm alr.

The

heat losses from the variable-component -compressor that: would be -
required to account for the differences in efficlencles baged on
the temperatures at the.diffuser discharge .and in the discharge

pipe are shown in the following tabls.

The values shown apply-to

data points from figure 3 at the tip spsed of 1100 feet per sec-
ond; the heat loss would occur through the collector (figs. 1
and 2), which is approximately 41 inches in dlameter by 14 inches
maximum depth.

1

Y S

.

}!ffioiency1

”Required

Equiva- Inlet Room Diffusér- |Tempera-
lent at dif- tempera-|tempera~| discharge (turse drop,jheat loss
volume |fusér dis-|ture ' |ture ~|tempera- |diffuser |(Btu/sec)
flow |chsarge "(°R) “(°R) [ture minus|to dis=
Q /W8l Mg o room tem- |charge
’ : : perature pipe .
(°r) - (°FY
6690 0.648 545 545 175.8 B 6 9,8
5817 .780 1t ' 178.7 6.5 7.0
4400 7320 188.3 Te7 8.5
6583 .0.641 403 . 545 -6.0 C.4 0.7
5563 V772 C -11.5 -y8 1.0
4672 .753 "6-9 "03 "03

These Indlcated heatétransfer'éuantities have not been satis-
factorily accounted for by compuitatlions using coefficlents for
uniform Tlows.

Although the explanation of the nature of the effect of inlet

temperature on adlabatic efficiency is incomplets,

it was feund

that if the efficiency is based on a temperature measured where

external heat transfer has had negligible opportunity to occur,
the apparent variation in adiabatic efficiency is eliminated.

It

is almo apparent that the efficiencises which vary most from the
correlation values ere for the highest inlet temperature and that
these efficiencles are higher than the correlation values.
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Centrifugal-compressor efficiency ratings obtained by standard pro-
cedureg. with ambient room-gir inlet temperature thus tend to be .
higher than the:true efficiency. . . = . e

. A method of obtaining consistent effioiencies for comparative
performance. in a variable-component centrifugal compressor has
been obtained however, these. efficlencies are not necessarily -
true efficiencies.free from external effeécts. Obviously, the true
values of adiabatiq.efficienoy cén Ye found" only by obtaining a
complete heat balance for each comnreseor or by use of an accurate
dynamometer.

.. CONGLUSIONS . .°

From an investigation of the apparent effect of inlet-air tém-
perature on adlabatic efficiency conducted in a variable-component
compressor, the following conclueions vere: drawn "

l The apparent-vari&tton of adiabatic efflciency with inlet
“temperature of céntrifugael compressors in a variable- component—com-
pressor of the typé used in this’investigation can be. eliminated by
basing the efficlency on discharge temperature measured at. the
diffuser discharge, . :y ST

2. The etandard methods of determining centrifugal - .COMPTeasor
efflciency by, temperature-rise messurement tend to give erronecusly
high. values when amblent room-air inlet temperaturee are used.

3. A reliably aocurate determination af the efficiency of a centri-
fugal compresgor cen be made by temperature measurements only if a com-
plete heat baiance of the particular Compressor, is cobtained.

Flight Propu?eion Reeeerch Laboratory, '
National Auvisory Commlttes for Aeronautics,.

Cleveland, Ohio, June 27, 1947V
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